Abstract-Visible light communication (VLC) has been introduced as a complementary technology to acoustic communications for underwater applications. Underwater VLC can achieve much higher data rates sufficiently high for real-time image and video transmission. Such high data rates over underwater channels with frequency-selectivity necessitate the use of efficient multi-carrier techniques such as orthogonal frequency division multiplexing. In this paper, we consider an adaptive DC-biased optical OFDM (DCO-OFDM) underwater VLC system. The design of adaptive algorithm is formulated to maximize the throughput under error rate performance constraints. The receiver first calculates the signal-to-noise ratio (SNR) per each subcarrier. Then, based on SNR information, it determines which subcarrier should be loaded first and selects the maximum constellation size for each subcarrier while satisfying a predefined targeted bit error rate (BER). Our simulation results demonstrated that significant improvements in throughput can be obtained through link adaptation.
I. INTRODUCTION
Visible light communication (VLC) has been introduced as a complementary technology to acoustic communications for underwater applications [1] . While acoustic communication can support long-range transmission albeit at low data rates (in the order of kbps), underwater VLC can achieve much higher data rates sufficiently high for real-time image and video transmission [2] . The optical signal experiences both absorption and scattering while it propagates through the water [3] - [5] . Rays collide with ions and molecules in pure water as well as suspended particles in non-pure oceanic water. Due to scattering, multiple copies of the same signal arrive at the receiver node with different amplitudes and different arrival times. This multipath propagation results in frequencyselectivity of underwater VLC channel. In addition, close to sea surface where light cannot easily cross water/air boundary, some of the rays bounce back and hence the frequencyselectivity is more pronounced.
Multi-carrier communication in the form of orthogonal frequency division multiplexing (OFDM) can be used to handle frequency-selectivity. To ensure real-valued and unipolar signal conditions in intensity modulation/direct detection (IM/DD) system which is typically preferred in VLC systems, variants of optical OFDM were proposed in the literature, including DC-biased optical OFDM (DCO-OFDM) [6] and asymmetrically clipped optical OFDM (ACO-OFDM) [6] , [7] . To further improve the performance, adaptive transmission can be used in conjunction with optical OFDM. For example, adaptive DCO/ACO-OFDM schemes were proposed in the context of indoor VLC systems [8] - [10] where bit and power loading algorithms were studied.
To the best of our knowledge, no results have been yet reported on the benefits of adaptive transmission in underwater VLC systems. In this paper, we consider a DCO-OFDM based underwater VLC system and investigate the performance of adaptive algorithms where the throughput is maximized through subcarrier allocation and modulation size selection.
The remainder of the paper is arranged as follows. In Section II, we present system model. In Section III, we present two adaptive algorithms under considerations. In Section IV, we present numerical results. In Section V, we provide concluding remarks. II. SYSTEM MODEL We consider an underwater VLC system with a link distance of d at a depth of z from the sea surface. The block diagram of adaptive-DCO-OFDM system under consideration is provided in Fig. 1 . The source node first maps bit streams into complex symbols chosen from one of two available modulation techniques, i.e., phase shift keying (PSK) or quadrature amplitude modulation (QAM). The selection of subcarriers to be loaded and modulation size for each subcarrier are made by the adaptive algorithm (see Section III).
Let S i , i = 1, · · ·, N/2 − 1 denote PSK/QAM modulated symbols where N is the number of subcarriers. To ensure that the output of inverse DFT (IDFT) is real valued, Hermitian symmetry is applied. Therefore, the resulting OFDM symbol is expressed in the form of
where only N/2 − 1 subcarriers are assigned to data. The output of IDFT block can be written as The resulting time-domain real-valued signal is given by
T . A cyclic prefix (CP) with a length of N CP is appended. This results iñ
After the addition of DC bias (denoted by V DC ) to ensure that the resulting signal lies within the dynamic range of LED, the continuous waveform can be expressed as
wherex[k] is the k th element ofx, P is average electrical transmit power and T s is pulse duration. The received electrical signal at the destination can be written as
where R is the photodetector responsivity, h (t) is the underwater channel impulse response (CIR) and w (t) ∼ N 0, σ 2 n . Replacing (1) in (2), we have (3) In (3), we define
and V R DC (n) denote, respectively, the sampled versions of w (t),ỹ (t), h (t) and V R DC (t). Noting that V R DC (n) has the same value for all samples, we drop index n and write it as V R DC . After removing CP fromỹ (n), the resulting signal y (n) can be written as
Taking the Fourier transform, the corresponding frequency domain signal for the k th carrier can be written as
Note that since V R DC is a DC signal, its Fourier transform is zero everywhere, except at subcarrier k = 0. Therefore, it does not appear in (5).
III. ADAPTIVE ALGORITHMS
In this section, we consider two adaptive algorithms [11] - [13] from the literature which were originally proposed in the context of radio-frequency (RF) communication and apply to UVLC systems under consideration. These adaptive algorithms were designed to maximize the throughput by selecting proper subcarrier and deciding on modulation size for each subcarrier.
Let n k denote the number of bits for loading the k th subcarrier. The throughput (i.e., average number of bits per subcarrier) for DCO-OFDM is then given bȳ
In Algorithm-I, the throughput is maximized by choosing the highest modulation size on each subcarrier under the constraint that bit error rate (BER) per subcarrier does not exceed a specific BER. Mathematically speaking, we can write [13] maxn s.t.:
where BER [k] denotes the BER for the k th subcarrier and BER max denotes the maximum acceptable BER. For 2-PSK and M -QAM (assuming M = U J with M denoting the modulation size), BER [k] can be computed as [14] 
where
n . The throughput maximization in (7) can be further improved by considering a constraint on the overall BER. In Algorithm-II, the optimization problem is formulated as [15] maxn s.t.: BER ≤ BER max (9) where BER denotes the average BER and is given by
The flowcharts of Algorithm-I and Algorithm-II under consideration are provided, respectively, in Tables I and II . In these tables, M max denotes the maximum modulation size. Therefore, n max = log 2 (M max ) denotes the maximum number of bits that can be loaded to a subcarrier. Let n denote the vector that contains bit loading information of all subcarriers in the first half of OFDM symbols (i.e., data carrying part). This is given by (11) Algorithm-I is executed simply by computing the BER per subcarrier for different modulation sizes and then the modulation with highest size that satisfies BER[k] ≤ BER max is selected. In Algorithm-II, bit loading is initiated by assigning the first bit to the subcarrier that imposes the least BER to accept one bit. Then, the k th subcarrier is selected, for which the transmission of an additional bit can be done with the smallest increase in average BER. The algorithm stops when subcarriers cannot be loaded with extra bit subject to maximum acceptable average BER. 
This subcarrier cannot be loaded with extra bit.
6:
Compute BER k +1 and add it to BER+1. end for
Step 2: Select the subcarrier to be loaded with extra one bit. Stop iterations.
13:
end if 14: end while
In Algorithms, if the k th subcarrier is likely to be loaded with extra bit, i.e., the new possible number of bits for the k th subcarrier is n k + 1, the average BER is then defined as
where BER[k] +1 denotes the BER of the k th subcarrier if it is loaded by extra bit. 
IV. NUMERICAL RESULTS
In this section, we present simulation results for adaptive DCO-OFDM UVLC systems under consideration. We consider a scenario where the link is placed horizontally at a depth of z = 5 m with a link distance of d = 20 m in coastal water. CIR for the link under consideration is obtained by the using of ray tracing simulation similar to [16] with channel parameters listed in Table III . In Fig. 2 , we present CIR, sampled CIR as well as the channel transfer function obtained through Fourier transform. Sampled version of the channel is obtained based on pulse duration of T s = 10 ns. It is observed from Fig. 2 that the delay spread exceeds 20 ns and such a channel will exhibit frequency-selectivity if the symbol rate exceeds 50 MSymbols/sec. As system parameters, we assume a responsivity of R = 0.28 A/W, average electrical transmit power of P = 15 dBm, noise variance of σ 2 n = −120 dBm and number of subcarriers of N = 64. We assume the deployment of 2-PSK, 4-QAM and 8-QAM.
In Fig. 3 , we consider Algorithm-I and present the achieved BER of each subcarrier for the modulation types under consideration. The selected modulation is shown by circles. We consider BER max = 1 × 10 −3 and 1 × 10 −5 as the maximum acceptable BER values in Fig. 3.a and 3 .b, respectively. It is observed from Fig. 3 .a that BER max = 1 × 10 −3 can be satisfied with Algorithm-I by selecting the modulation order of 4-QAM for most subcarriers and 2-PSK for the other subcarriers that experience weak channel gains. The average loading is therefore achieved asn = 1.839 bits/subcarrier. In nonadaptive transmission, BER max = 1 × 10 −3 can be satisfied by loading all subcarriers with 2-PSK. Therefore, the average loading for non-adaptive system isn = 1.0 bits/subcarrier. This indicates that adaptive transmission brings an improvement percentage of 83.9%. In Fig. 3 .b, the maximum acceptable BER is set as BER max = 1 × 10 −5 . It can be satisfied by selecting either 4-QAM or 2-PSK for some subcarriers while some subcarriers have BER[k] > BER max even for 2-PSK. Therefore, these subcarriers will not be loaded. An average loading ofn = 1.258 bits/subcarrier is obtained. On the other hand, in non-adaptive transmission, even if all subcarriers are loaded with 2-PSK, the condition of BER[k] ≤ 1 × 10 −5 cannot be satisfied and hencen = 0 bits/subcarrier is obtained.
In Fig. 4 , we consider Algorithm-II with overall BER constraint. The selected modulation is shown by circles. Unlike Fig. 3 where 8-QAM is never selected, there are some instances where this modulation type is further selected. Furthermore, it can be observed that some subcarriers have BER more than targeted BER. However, over the average, the BER constraint is satisfied. Average bit loading ofn = 2.097 bits/subcarrier andn = 1.484 bits/subcarrier are obtained for BER max = 1 × 10 −3 and 1 × 10 −5 , respectively. These are higher than those in Algorithm-I. It is expected since individual subcarrier in Algorithm-II can be loaded with additional bit and the BER in that subcarrier may exceed the maximum acceptable BER while in Algorithm-I each subcarrier must satisfy the maximum acceptable BER.
V. CONCLUSIONS
In this paper, we investigated the benefits of link adaptation in the context of OFDM-based underwater VLC systems. We considered two adaptive algorithms which aim to maximize the throughput while satisfying a pre-defined BER target. The algorithms differ from each other in the sense that the constraints are imposed either overall BER or per subcarrier BER. Our simulation results demonstrated the superiority of using adaptive algorithms over non-adaptive one in terms of average bit loading. Furthermore, the adaptive algorithm with overall BER constraint overperformed its counterpart with BER constraint per subcarrier. 
